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A BSTR A C T

The second hyperpolarizabilities y have been m easured at X = 632.8 nm for argon
(Ar), m ethane (CH4), carbon tetrafluoride (CF4), and sulfur hexafluoride (SF6) by means
o f the dc Kerr effect in the gas phase. M easurements were m ade over a range o f densities
and extrapolated to the zero density limit. The results obtained have an uncertainty o f
1.7%, 1.1%, 0.8% , and 0.5% for SF6, CF4, Ar, and CH4, respectively. A comparison with
other dc K err results shows our results to be the most accurate to date, thereby providing
a better standard forju d g in g quantum chem istry calculations o fy . The difference
between the dc Kerr and electric-field-induced second harm onic generation (ESHG)
vibrational hyperpolarizabilities, (yKv - yRv ), has been determ ined for CH4, CF4, and SF6.
The result for CH4 is found to be in good agreem ent with recent calculations by Bishop.
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C H A PTER 1

INTRODUCTION

N onlinear optics is said to have originated three years after the advent o f the laser1
when in 1961 Franken et al observed2 light generated with its frequency at the second
harm onic o f the incident light. M any other nonlinear optical processes34-5 have been
discovered since the observation o f second harm onic generation, and each branch o f
nonlinear optics has developed into an active area of research for m any scientists.
Presently, research seems to be focused on the developm ent o f nonlinear optical materials
for applications, such as signal processing devices and frequency doubling crystals for
lasers.
W hile research is intense in these areas, it is still desirable to predict theoretically
the size o f the optical nonlinearity for a particular material, natural or synthetic. With a
m ore fundam ental understanding o f the nonlinear processes occurring in these materials,
we m ight becom e more adept at tailoring the m aterial to m eet the needs o f a particular
application. In particular, it is im portant to investigate the response o f individual atoms
and m olecules since these are the fundam ental building-blocks o f large scale m olecular
systems.
The m icroscopic nonlinear response o f an atom or m olecule can be represented by

a Taylor series expansion o f the induced dipole moment p. in the presence o f an applied
electric field E(t). The term s o f the expansion which are linear, quadratic and cubic in the
amplitude o f the applied electric field can be represented by
M

( 1 .1)

v 0) = “ « p ( - v 0;v i ) £ p ( v i )

+

(v 2)

+( l / 6 ) ^ 3)Yapy&( - v i,;vp v2,V3)Ep(v1) £ ( v 2)E8(v3)

( 1.2 )

(1.3)

w here a , p , and y are the first, second, and third order molecular response tensors
representing the polarizability, first hyperpolarizability, and second hyperpolarizability,
respectively, and the subscripts are the cartesian coordinates. The numerical factor K is
necessary to ensure that the hyperpolarizabilities converge to the same value in the static
limit (v = 0). The induced dipole fluctuates at the sum o f the individual frequencies o f the
applied fields v 0 = S , v ,.
Each nonlinear optical process is defined by the particular combination o f the
applied field frequencies which appears in the argument (-v 0;v ,,v 2,v 3) for its molecular
response (polarization) tensor. In our case, w e are measuring the second
hyperpolarizability y using the process o f electric-field-induced birefringence (dc Kerr
effect) which combines a static and an optical electric field, so in the notation stated
above, y ( - v 0; v „ v 2,v 3) = y ( - v ;0 , 0, v).
Since y is a fourth-rank tensor there will be 3" = 34 = 81 separate coefficients
needed in order to describe completely the second hyperpolarizability. However,
m olecular symmetry allows simplification o f the hyperpolarizability tensor. For a

spherically symm etric m olecule or an atom, the hyperpolarizability tensor will be
invariant under any rotation, so there can be at m ost three independent tensor
components. Furtherm ore, if a condition known as KJeinman sym m etry holds then there
will only be one independent element. For m olecules o f tetrahedral or octahedral
symm etry, the situation is only slightly more complicated. Sym m etry o f the
hyperpolarizability tensor is explained in more detail in chapter two.
There can be up to three contributions to y which arise from different physical
processes occurring due to the interaction o f the applied fields w ith the atom or molecule.
Invoking the Born-O ppenheim er approxim ation where we separate the wave function into
electronic and nuclear m otions, we can partition these contributions in order to analyze
them separately. W e can justify this because the separate contributions to y are most
im portant in different regions o f the electrom agnetic spectrum and occur on different time
scales. The experim entally m easured second hyperpolarizability is the sum o f all
contributions.
The first contribution to y is from the nonlinear response o f the bound electrons o f
the atom or molecule to the applied electric field. It is referred to as the electronic
nonlinearity and is represented by yc. This response is present in all dielectrics, and the
tim e scale on which it occurs is on the order o f the am ount o f tim e it takes an electron to
orbit the nucleus (t = 1O'16 s).
The second contribution to y is from the tendency o f the m olecule to align itself in
the applied electric field. The preferred orientation o f the m olecule with respect to the
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direction o f the applied field depends on the m olecular geom etry. This m olecular
orientation contribution or rotational contribution yR is tem perature dependent because
the average alignm ent o f the m olecules in the externally applied field is affected by
therm al agitation which tends to random ize the m olecular orientation. We are m easuring
Y for an atomic gas and for three spherical rotor m olecular system s, all o f which from
sym m etry argum ents do not have a contribution to y due to m olecular orientation.
Hence, for the purposes o f this thesis, y R will not play a significant role.
The final contribution to y is from the displacem ents o f the nuclei in response to
the applied field. The nuclei present in the atomic or m olecular system are not stationary.
They will vibrate around their equilibrium position for two reasons. The first is a zeropoint vibration o f the nuclei, which is clearly understood from quantum m echanics and
does not play a significant role in these measurem ents. The other vibration is a
vibrational m otion o f the nuclei driven by electrom agnetic radiation. This directly
m anifests itself as a vibrational polarizability and hyperpolarizability ( a v, y v) and is in
direct analogy to its electronic counterparts. One aim o f this thesis is to investigate y v for
the m olecular system s involved.
For the m easurem ents o f y which we present in this thesis, the nonlinear optical
process know n as the dc Kerr effect is used. It is desirable to perform these
m easurem ents using this technique as it is the only experim ent which provides us with an
accurate absolute m easurem ent o f the nonlinear optical properties o f a material. By
absolute we are referring to the fact that y is directly determ ined through experim entally

measured quantities alone. This is in contrast to other nonlinear optical experim ents
which rely on determ ining y by comparison with som e other reference gas in order to
calibrate the value obtained. Although accurate absolute m easurem ents are possible in
principle, they are not possible in practice, except for the dc K err effect. Typically,
helium is used as the reference gas in the other experim ents because its
hyperpolarizability has been accurately determ ined through rigorous ab initio
calculations6.
One focus o f recent nonlinear optical research is to determ ine the frequency
dependence o f the second hyperpolarizabilities for various atom s and m olecules7. Since
each nonlinear optical process uses a different com bination o f applied field frequencies,
each process will have different contributions from

y c,

yv, and yR. Therefore, com parison

o f the dispersion curves o f y for these different nonlinear optical processes will give
detailed inform ation about the various contributions to yuVR. W e are reporting on gas
phase m easurem ents o f the second hyperpolarizability y(-va; 0, 0, v) for the argon atom,
as well as for CH4, CF4, and SF6. M easuring y for argon provides us with direct
information about its electronic hyperpolarizability y c, as there is no rotational or
vibrational contribution to y. Since the values o f y for some atom s (including argon)
have been accurately determ ined through electric-field-induced second harm onic
generation (ESHG) m easurem ents8, we can com pare ESHG and dc Kerr data. Since the
only contribution to y comes from yc, this allows us either to test the theoretical relation
between yc for the two experim ental quantities yK and y^SHG (we refer to y I:SliG as yh for

6

the rem ainder o f the paper) or else provide us with a good check to determ ine that our
apparatus is functioning properly, since the ESHG m easurem ents were m ade with a
reported uncertainty o f as high as 0.1%. The m easurem ents for the m olecules CH 4, CF4,
and SF6, on the other hand, supply us w ith inform ation about both yc and y v (recall that
there is no rotational contribution to y since these m olecules are spherical rotors). By
comparing ESH G m easurem ents o f y c V with our dc Kerr m easurem ents, we can
determine the vibrational contribution to the second hyperpolarizability o f the molecule.

CH APTER 2

THEORY

I. Form al Definition o f the Nonlinear Susceptibility
Follow ing the procedure by Boyd9 we can describe nonlinear optical interactions
in term s o f the nonlinear polarization. First, the linear polarization can be described by
(2.1)

P (t) ~ Xw E (t)

where E (l) is the strength o f the applied electric field and x(l) (the linear susceptibility) is
a proportionality constant relating the dipole m om ent per unit volum e to that field. The
nonlinear polarization can be defined by a power series expansion o f the polarization in
the strength o f the applied electric field. The pow er series expansion describing the scalar
nonlinear polarization is then
P(t) = x 0)E(t) + Xi2)E2(t) + x0)E3(t) + ...

,

(2.2)

where x(2) and x(3) are the second and third order nonlinear susceptibilities. M ost
nonlinear optical processes studied are either x(2)or x<3) nonlinearities, although higher
order nonlinearities are possible.
The above definition is for a lossless, dispersionless m edium which reacts
instantaneously to the applied field. In reality this is not the case since the m edium in
which the electric field propagates typically shows dispersion and losses, and reaction to
the applied field is not instantaneous.

7

Generally w e can represent the electric field vector o f the applied optical w ave as
a summation over all the Fourier com ponents o f the field,
E{r,t) =

(2.3)
m

Reality o f the physical field implies that the summation is over positive and negative
frequencies with E(com) = E(-com)*. The general expression for the nonlinear polarization
vector is then
p

(2.4)

<?a = E x (n)
n

or explicitly, the expression for the third order nonlinear polarization at frequency co 0 is
^ / ( w » + « „ + <•>«) =

EE*£ (“ 01“

-E,(“ m)Ek (<■>„)Ei (“ 0)

(2. 5)

jk l mno

where j k l are the cartesian field components, £ indicates the summation over m, n, and
mno

o with the sum frequency oo0 = («,„ + co„ + coD) held fixed, and xj£i is a fourth rank tensor
denoting the third order nonlinear susceptibility.

If one notes that the amplitude E ( w n) is

associated with the time dependence e ''a'J (equation ( 2. 4 ) ) w e see that the product o f the
three electric field amplitudes results in a nonlinear polarization oscillating at a frequency
“ a = ( w „, +

+ “ «)■ The different combinations o f applied field frequencies therefore

give rise to a large array o f possible nonlinear optical processes and the generation o f
radiation at frequencies different from those o f the applied fields.

II. The Second Hyperpolarizability
The expression given above for the nonlinear polarization (equation (2.4))
describes the bulk or m acroscopic polarization for a system in term s o f the susceptibility

9
X(n).

Equations (1.1)-(1.3) give the m icroscopic nonlinear induced dipole o f an individual

atom or m olecule in term s o f the m olecular response tensors a, p, and y. A simple
relationship betw een the (macroscopic) third-order susceptibility x(3) and the
(microscopic) second hyperpolarizability y is10
X(3)( - w 0; Q>,, o 2, co3) = Sf(w,) S£(cd2) S£(w3) S£(«0) (1/6) p K0) (y (©,<(>))

(2.6)

where p is the num ber density o f the m olecules, A13’ is the third order com binatoric factor
m entioned in chapter one, and (y (0,4>)) represents the orientationally averaged m olecular
hyperpolarizability. The S£(con) term s o f equation (2.6) are corrections to the local field
which affect the individual m olecule and are discussed in detail at the end o f chapter
three.

Gas phase m easurem ents determ ine the orientational average o f y, which is the

isotropic tensor (y). The most general isotropic fourth rank tensor has the form
A d ^ k , + Bb,kbj, + Cb„blk

,

(2.7)

with at m ost three independent components. Thus, the nonvanishing com ponents o f <y)
obey the relation
<Y>zzzz = <Y>zzxx + < Y >zx zx + <Y>zxxz

(2.8)

>

where we have chosen the X and Z spatial indices to refer to the lab frame. A further
sim plification o f (y) arises for ESHG and dc Kerr, w here (y),yW(-2v; v, v, 0) for ESHG,
and (y )yW(-v; 0, 0, v) for dc Kerr are unchanged by perm uting the m iddle two spatial
indices. This follows from intrinsic perm utation sym m etry and the equality o f the m iddle
field frequency argum ents9. Thus
<Y>zzzz =

( y ) ZZXx = ( y ) zxzx a n d

2<y>zzxx + <Y>zxxz •

equation (2. 8) becomes
(2.9)
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This leaves only two independent tensor com ponents, usually chosen as
<Y>zxxz>

(y)zzzz

for gas phase ESHG and dc Kerr m easurem ents. For convenience,

and
and

(y > z z z z

(y}zxxz are com m only written as y, and y, respectively.
One further sym m etry relation m ay hold for the hyperpolarizability tensors. In
the static limit, the hyperpolarizabilities are invariant under any perm utation o f their
spatial indices. K leinm an" (1962) suggested that this sym m etry holds to a good
approxim ation even for non-zero field frequencies. This reduces the hyperpolarizability
tensor to a single independent tensor com ponent,
Y, =

(2 . 10)

3 y,

III. The Frequency Dependence o f y c
We w ish to know the frequency dependence o f yc so that we may compare
different nonlinear optical processes and explore the various contributions to yeV. We
also wish to com pare experimental m easurem ents made at optical fields with theoretical
calculations. Shelton12 (1985) and B ishop13 (1989) have shown that low frequency
dispersion relations can be obtained from the general perturbation theory expressions for
the hyperpolarizabilities10. The pow er series expression for the frequency dependence o f
yc is valid only for frequencies below the first electronic resonance and can be written as
(2 . 1 1 )

where
v L-9 _-

9 i
v 0-2 _+L v f2 _ 1+_ v 2~
+ v 3-9

(2 . 1 2 )

Equation ( 2. 12) shows that although two different nonlinear optical experim ents may be
m easuring yu at the same frequency, the values o f yc m ay differ since they lie at different
points o f the v , 2 dispersion curve. For the dc Kerr effect v L2 = 2 v 2 and for ESHG v , 2 =
6 v 2.

W hile ESH G experim ents usually m easure y ,, dc K err effect experim ents always
m easure the difference betw een the two com ponents y, and y i :
y K = ( 3 / 2 ) ( y , - y i) K

.

( 2. 13)

This poses a slight com plication for a comparison between dc K err effect and ESHG
m easurem ents. For our best estim ate o f what (3/2)(y, - y j would be for ESHG, we need
to take deviations from K leinm an sym m etry into account since Kleinm an sym m etry is
only exact in the static lim it and experimental m easurem ents are made at optical
frequencies. A dispersion relation for the deviations from K leinm an sym m etry has been
shown to b e14
R(v) = 3 ( 1 + A ' v L2)

(2.14)

where A ' is a coefficient which depends on the nonlinear optical process. The larger the
value o f A ', the larger is the deviation from Kleinm an symm etry. It is then easy to see
that the ratio o f y, and y I in the static limit is
tf(0) = y, / Yj = 3

,

(2.15)

so m easurem ents o f the deviations from Kleinm an symm etry m easure deviations o f the
ratio y, / y, from 3. Values for the param eter A ' have been com piled from ESHG
m easurem ents o f a variety o f gases by M izrahi and Shelton14 ( 19S5) . For the processes
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dc Kerr and ESHG, a relation which is valid for yc ( A 'K = -A'1' ) helps us to find our best
estimate for com paring y,E with yK
y K = (3/2) (y, - Yj)k = y,E[l + (1/2)

v L2]

.

(2.16)

As far as the electronic contributions to y are concerned, at low frequencies with
Kleinm an sym m etry deviations taken into account, all nonlinear optical processes should
follow the dispersion relation given by equation (2.11). As we go to higher frequencies
and approach the first electronic resonance, the dispersion relation does not hold. In fact
each nonlinear optical process will deviate from a single dispersion relation, diverging at
different v , 2 even if resonance is at the same frequency v in each process.

IV. Vibrational Contributions To y
For atom ic system s in which there is only an electronic contribution to y, one
would expect the isotropically averaged second hyperpolarizability tensor to be the sam e
for any nonlinear optical process at low frequencies. Therefore we expect m easurem ents
o f y for dc K err and ESH G to lie on the same v ,2 dispersion curve, provided Kleinm an
symmetry deviations are small. For the frequency range and gases in which we are
interested, the largest deviation from Kleinm an sym m etry accounts for only a 0.3%
change in y .
W hen we m easure y for m olecular system s, we expect to see different vibrational
contributions to y for each nonlinear optical process. The dc Kerr effect and ESHG at
optical frequencies will have contributions to yv due to nuclear vibrations oscillating at 0,
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v, 2v. As the frequencies o f the applied fields are increased, the nuclei are not able to
respond rapidly enough to follow the oscillations o f the fields. Therefore we expect
(although it has yet to be shown experim entally) the contribution to y v from the
oscillating fields to go to zero at high frequencies, leaving us with a constant contribution
to yv from the static fields (and com binations o f the static field with an optical field).
The perturbation theory representation o f the vibrational hyperpolarizability10 shows that
this static contribution will be different for each nonlinear optical process, so at
interm ediate optical frequencies (far below electronic resonance and far above vibrational
resonance frequencies) we expect to see parallel y dispersion curves for dc Kerr and
ESHG, w ith the contribution to yv from dc Kerr larger than that from ESHG. The
vertical spacing between the parallel dispersion curves is yKv - yEv.

CHAPTER 3

EX PERIM EN TA L TEC H N IQ U E

I. Overview o f the dc Kerr Effect
The dc K err effect (or quadratic electro-optic effect) is the birefringence induced in
a sample due to an applied transverse electric field. In the ideal case, the sample cell (K err
cell) is placed betw een a pair o f crossed polarizers with light incident on the system.
Initially, no light escapes the apparatus due to the crossed orientation o f the polarizers.
W hen subjected to a transverse static electric field E, an anisotropy is induced in the
sample which changes the phase o f the orthogonal com ponents o f the incident light beam
relative to one another, thereby causing light to pass through the crossed polarizers. It is
this relative phase shift, or optical retardation cf>, due to the electric field induced
birefringence which is m easured in the dc Kerr effect.
With knowledge o f the induced retardation one can extract information about
m olecular properties o f the sample through the relation7

(3. 1)

5k T

3k T

(k jf

w here p is the number density, D is the sample length, A0 is the light wavelength in
vacuum, T is the tem perature, A a is the polarizability anisotropy, (a TJ - a ) is the
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difference betw een the average polarizability and the polarizability in the direction o f the
dipole m om ent p.(0), and y is the second hyperpolarizability o f the m olecule, all in SI units.
In this work we use the dc Kerr effect to determ ine the second hyperpolarizability y for
several m olecules for which p (0) = 0 and A a = 0 by symmetry.

II. Apparatus
The dc K err effect apparatus used for these m easurem ents is identical to the one
described by Shelton15 (1993) with some m inor m odifications. For the present purposes a
detailed explanation o f the apparatus is not necessary. However, a b rie f description o f
each com ponent in the apparatus will be included, as will inform ation regarding the
calibration o f the apparatus. Em phasis will be placed on the efforts m ade in order to
reduce the system atic errors inherent in a dc K err effect experiment.
The layout o f the apparatus for the m easurem ent o f the dc K err effect in gases is
shown in figure (1). The light source is a helium -neon gas laser (U niphase 1105P) with
an average pow er output o f 8 m W at a wavelength o f X = 632.8 nm. Due to attenuation
o f the beam through the various optical com ponents traversed in the experim ent, the laser
power m easured at the analyzer is approxim ately 2 mW. The beam is collim ated by a
lens before entering an electro-optic laser stabilizer (CRI - LSI 00) which is incorporated
in the apparatus to reduce large drifts in the light intensity due to therm al, electrical, and
m echanical noise in the laser. A half-wave retardation plate is used to adjust the
vertically polarized laser light to m atch the 45° orientation o f the polarizer.
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Figure 1 Layout of the dc Kerr effect experimental apparatus.
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The beam then passes through the gas Kerr cell (GKC) which contains the gas to be
m easured, a second collim ating lens, and a com pensating plate before entering the
reference C S 2 liquid Kerr cell (LKC). A second polarizer, referred to as the analyzer,
follows the LKC. The light beam, passing through the analyzer, reaches the photodiode
where the intensity is measured.
The intensity m easurem ent is perform ed by a low-noise silicon photodiode
(Ealing 28-4505) w ith a 5.6 m m 2 active area and a quantum efficiency o f 80% at A =
632.8 nm. The detected signal is am plified by a current pream plifier (EG & G 5002) and
m easured w ith the use o f a lock-in am plifier (EG & G 5209) tuned and phase adjusted to
m easure at the m odulation frequency v = 3 kHz. A heterodyne technique is employed
that uses a large bias retardation (provided by the C S2 Kerr cell) to obtain a m agnification
o f the m odulated signal. Once the signal intensity is m easured at the lock-in amplifier, it
is sent to a voltage-to-frequency converter and then to a m ultichannel scaler (Nucleus
PCA) where the data is recorded.
In order to perform accurate absolute m easurem ents o f the dc Kerr effect o f gases
it is necessary to have a reliable calibration reference signal to use for a com parison with
the gas K err signal. The liquid Kerr cell (LKC) serves as the reference cell since its Kerr
constant can be determ ined from directly m easurable quantities. A description o f the
construction and calibration o f the LKC follows.

A. Liquid Kerr Cell
i. Construction
The liquid Kerr cell consists o f a cylindrical steel housing w hich contains a pair o f
10 cm long stainless-steel electrodes im m ersed in liquid carbon disulfide (C S2).
Insulating alum ina ball bearing spacers provide an interelectrode gap o f 3 mm. This gap
is m uch w ider than the laser beam whose diffraction lim ited diam eter is near 0.5 mm
through the apparatus. The LKC housing is sealed at both ends by w indow s fabricated
from zero-stress-birefringence glass (Pockel's glass), 6 m m thick and 12.7 mm in
diam eter. Pockel's glass windows are necessary in order to reduce the large stray
retardation that ordinary fused silica w indow s would introduce. The stray retardation,
due to stress induced birefringence in the glass windows, is a com m on cause o f
system atic errors in dc K err effect experim ents16. The w indow s are seated on Viton Orings and held in place by stainless-steel end caps. The windows are antireflection coated
with a A. / 4 layer o f M gF2.

ii. Calibration
The gas Kerr signal is com pared directly to the LKC signal, so an accurate LKC
calibration is essential to achieve 0.5% uncertainty in our final result for y. In order to
calibrate the LKC signal we m ust m easure the retardation (j), induced by the applied
voltage V , and determ ine what effect space charges have on the signal. By space charge
effects we mean that there is a distortion o f the electric field in the LKC due to charges
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injected into the Kerr liquid from the electrodes. This will result in a m odification o f the
calibration signal by a tim e dependent m ultiplicative factor which we call F ,, described
later in this section.
M easuring the intensity o f laser light transm itted through the polarizers before and
after the LKC is subject to a high voltage provides a m ethod for determ ining the Kenconstant o f the LKC. The procedure can be described in two steps. First, with the LKC
on and the analyzer in the crossed position, we record the intensity o f the transm itted
light (see the dashed horizontal line in figure (2)). Second, with the LKC off, we
mechanically rotate the analyzer to each o f two uncrossed positions, (0, a +) and (0, a.),
which m atch the transm itted intensity we ju st recorded. The difference between these
two matched, uncrossed angles is the retardation <j), or |4>| = |( a +) - (a .)|. Information
about the applied voltage and this m easured retardation allows us to determ ine the Kerr
constant o f the LKC.
The accuracy o f this retardation m easurem ent technique is lim ited by the
resolution o f the angular scale on the analyzer and the precision with which we can match
the transm itted intensity. The smallest increment o f the digital m icrom eter readout
(M itutoyo 350-511) on the analyzer is 1 pm . We have been able to im prove the
resolution to 0.1 pm by scanning the m icrom eter through a range o f 10 pm while
recording the transm itted intensity, as shown in figure (2). For this calibration, the
intensity is m easured by a Fluke 8050A m ultim eter whose input is the output o f the
transconductance amplifier. We can read the intensity with an uncertainty o f ±0.03%.
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F ig u re 2 Light intensity measured at the photodiode as a function o f the analyzer angle
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determined to within 1O'4 degree.
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W e determine the effect o f space charges on the calibration by measuring the change in
light intensity when the LKC is subjected to a step voltage (V = 0 - 3 kV at t = 0). By
measuring the ratio o f intensities at t = 0 (immediately after the step) and t = °° (the steady
state condition), w e can determine how much the electric field has been modified along a
particular path through the LKC. The signal m easured is / <* 4>2 « E*, so the factor which
we use to describe the space charge contribution is
Fl = [ /( /= - ) //(r=0)]1/4

(3.2)

M easurem ents15 o f the space charge distribution between the electrodes show that there is
a linear increase o f the ratio (equation (3.2)) as one scans across the cell. This implies a
uniform charge density in the bulk CS2 , most likely due to convective mixing or
"electroconvection." Provided the beam is properly centered in the cell, the correction
due to space charge is small, typically FL = 1.0005 (±0.03% ). It should be noted that
when the m odulated voltage v [w) is also applied to the LKC during a m easurem ent o f y,
the electric field oscillates at a rate fast enough that it does not affect the charge
distribution.
W ith knowledge o f the applied dc voltage v£0), the induced retardation <j£0), and
the correction for space charge distortion o f the electric field F L, we can determine the
K err constant for the LKC through the relation
c i f = KL [FLV ^ f

(3.3)

W hen both an ac and a dc voltage are applied to the LKC, the component o f the induced
retardation at a frequency co is
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(3.4)
In the section on the gas K err cell calibration we shall discuss how this calibration signal
is used to determine y for the gas sample.
Equation (3.1) tells us that the retardation induced in the LKC by orientation o f
the CS2 molecules is inversely proportional to the tem perature, hence the tem perature o f
the LKC must be stable in order to perform an accurate calibration.

To stabilize the

tem perature to 0.1 °C, a proportional tem perature controller (Om ega CN 310-P2-C), a
heater, and a fan for air circulation were set up in the perspex enclosure containing the
LKC. To determine the dependence o f the CS2 Kerr constant on the tem perature, we
m easured the K err constant as we would typically do for a standard GKC measurement,
over a range o f tem peratures. A 100 Q platinum resistance therm om eter is used to
m easure the tem perature once the LKC system comes to thermal equilibrium. The
tem perature dependence o f the LKC K err constant (A (F LK L) I A T = -0.573% / °C) is
obtained from the data shown in figure (3). In this figure, open circles are older
calibration data taken before the elimination o f a final calibration problem, and the filled
circles are for data taken afterwards. The large scatter was due to optical interference
betw een the surfaces o f the window o f the photodiode. This interference w ould result in
intensity fluctuations, causing a scatter in the calibration with a range o f 1%. Removal o f
the w indow eliminated this problem, and all m easurem ents reported in this paper were
made after eliminating this source o f error.
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Figure 3 Tem perature dependence o f the Kerr constant for the LKC. Old data is
represented by unfilled circles, while new data, taken after the elimination o f a calibration
problem (see text), is shown as filled circles. Only the filled circles are used for the fit
(A F lK l / AT = -0.573% / °C). The filled circles indicate that the LKC calibration can be
performed with 0.1% uncertainty.
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It should also be stated the the LKC calibration procedure is done in situ, or in the
same configuration used for the actual GKC measurements. This successfully eliminates
any possible sources o f error that could come from altering the configuration o f the
apparatus to perform a calibration.

B. Gas K err Cell
i. Calibration
In order to determine y , we need to achieve a measurable signal from the
retardation induced in the gas Kerr cell (GKC). Unfortunately, the size o f the retardation
is quite small, on the order o f 1 pxad or smaller. This condition forces us to apply a
heterodyne technique in order to amplify the signal. In this technique, w e apply tw o
retardations simultaneously: a large, easily measurable retardation, and the smaller
retardation which we want to measure. The intensity o f the measured signal is
proportional to the square o f the sum o f the retardations,
/ - (Jj2 = ((j)A+ (JiB)2 = (|)A2 + 2(j>A(|>B + <i>D2
If (|)A»

4>b, then (f>A2 »

(3.5)

S ^ a^ b >:> ^ b2- This is useful provided the cross term containing

the information about (j>B can be separated from the much larger "bias" term (j>A2 In the
experiment we isolate the cross term with a lock-in amplifier tuned to the modulated
reference frequency.
The large static bias retardation 4>|0) needed to amplify the signal in proportion to
the gas K err cell retardation is provided by the LKC (C S2 is used as the K err medium due
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to its large K err constant). High dc voltage applied to one LKC electrode is typically V^0)
= 3 kV with respect to the metal case as ground. Given the K err constant for the cell K L 2 mrad / kV 2 , the induced static retardation is <J>[0) = KLV ^

= 18 mrad at A = 632.8 nm.

If we were to attem pt a measurement o f the GKC signal (say 4>q“ ) “ 10'7 rad) without the
heterodyne technique, our signal intensity w ould be proportional to (<J>^5))2or 10'14. W ith a
static bias retardation o f 18 mrad applied, using the heterodyne technique w e can obtain a
heterodyne signal o f 2«|>[0) <j4“ )= 3.6 x 10“9, about 4 * 10s times larger than the non
heterodyne signal. Using this strong heterodyne signal, we can m easure the gas Kerr cell
retardation which is proportional to the ratio o f the measured signal intensities
r (“ )

‘Po

_

r r ( “ ) / » ( “ ) , . (<■>)

=

Ua

“

l

(3.6)

Ml

If w e then rearrange equation (3.1) and substitute for <j) and E, the m acroscopic molecular
properties A a and y o f a nonpolar molecule are found through the relation

v w v i-)

3 e 0 A 0d 2
[ y + A a 2/ 5 M ] = ST1

71 p D

Fl* l

r(^)
r(w)

(3.7)

where d is the spacing between the electrodes o f the GKC, D is their "effective" length,
and SC is the Lorentz local field factor. All o f the variables on the right hand side o f
equation (3.7) can be experimentally determined, so an absolute value for y can be found
with an accuracy limited only by the apparatus calibration and photon counting statistics
(see chapter 4 for a discussion about the shot noise limit).
N ote that to avoid an error in calibration o f the GKC signal, the angular
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orientation o f the electrode assembly must be adjusted so that the electric field o f the GKC
is oriented at 45° to the polarization o f the incident light. Filling the GKC with a few
atm ospheres o f C 0 2 in order to obtain an easily measurable signal and then rotating the
cell to maximize I^a) /

accomplishes this task (A a 2/ 5k T is large for C 0 2).

ii. Construction
The gas K err cell (GKC) is the sample K err cell in this experiment. It is somewhat
similar in design to the LKC, i.e. Pockel's glass windows, cylindrical stainless-steel
housing, plane parallel electrodes with 3 mm spacing and 45 cm length. However, great
care has gone into an accurate determination o f the electrode geometry. W e need to
know accurately the geom etry o f the electrodes in order to determine the geometrical
factor cP/D found in equation (3.7).
The geometrical factor cP/D is m ost sensitive to the electrode spacing since it is
quadratic in that dimension. Therefore extreme care was taken in the fabrication o f
sufficiently flat electrode surfaces. By sufficiently flat we mean that w e must know the
value o f d to l(0,m over the entire electrode surface to have 0.1% uncertainty in the factor
cP/D. A detailed description o f the construction o f the electrodes and measurem ents o f
their deviations from the ideal can be found in the paper by Shelton (1993). Herein it is
sufficient to state that the geometrical factor describing the electrode assembly is
d 2/ D = 2.1815xl0~5 (± 0 .0 2 % )m , where the contributions to the uncertainty, in order o f
decreasing size, come from the fringing fields, electrode spacing, and electrode length.
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Also note that D is an effective length. This is because the electric field does not fall
abruptly to zero at the geometrical end o f the electrodes. The fringing fields are
determined by solving the Laplace equation. The result is an increase in the effective
length due to the nonvanishing field near the ends o f the electrodes which depends on the
electrode spacing and the proximity o f the cell walls.

III. Measurem ent Procedure
A. Precautions
i. Electrical Breakdown
Typical dc voltages applied to the sample in the GKC range from 1 - 8 kV. At
such voltages it is wise to investigate the possibility o f electrical breakdow n occurring in
the sample cell. To verify that breakdown does not occur during a m easurem ent we
placed a fill o f the gas to be measured in the GKC at the same density which the actual
m easurement took place. W e then raised the voltage until an audible discharge was heard
(signifying that catastrophic breakdown occurred) and recorded that value. Each
measurement o f y was then made with

at least 500 V below the breakdow n voltage to

insure that breakdown would not occur during a measurement. It should be noted that
partial breakdow n had occurred in M ACOR ceramic spacers previously used to clamp the
electrodes o f the GKC together. The most probable cause for this was ionization
breakdown o f gas in pores or cracks in the ceramic.17 Partial breakdown was eliminated
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in the GKC by replacing the ceram ic spacers with virgin PEEK (poly-ether-ether-ketone),
a m achinable polym er with a low dielectric constant k = 3.30, excellent chem ical
resistance, and good vacuum properties.

ii. Stray Retardation
A s the retardation is the m easured quantity in this experim ent, it is necessary to
investigate all possible sources o f retardation which m ight contribute to the m easured
signal, w hether it is from the induced retardation by the applied electric field, or from
other stray sources. An indication o f the am ount o f stray retardation in the apparatus can
be found by m easuring the transm ission I / I n observed w ith the polarizers crossed and no
induced retardation (cj) = 0). The lowest order approxim ation for this "extinction ratio" is
given b y 15
I f h = [« ]2 + [2,(4),/ 2) sin (20,) ] 2 + 5

(3.8)

where S represents the depolarized scattered light reaching the detector, 0, is the
azim uthal angle o f the /th optical com ponent w ith respect to the polarization direction o f
the first polarizer, and (j>, is its retardation.
A com m on source o f stray retardation is from m isalignm ent o f the fast or slow
axis o f an optical com ponent to the incident plane o f polarization. If not accurately
com pensated for, this stray retardation can easily result in errors o f ±10% or larger in the
m easured retardation. We can com pensate for small and uniform retardations by
orienting the fast or slow axis o f each optical elem ent to m inim ize the (4>/2) sin(20) term
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o f equation (3.8). This is done during the initial assem bly o f the apparatus by rotating the
optical com ponent (window, lens, etc.) to find the best extinction ratio. Then by
adjusting the orientation o f the com pensation plate, we can elim inate the residual stray
retardation from all o f the other components.
Equation (3.8) shows only the lowest order term s w hich contribute to the
extinction ratio. H igher order term s w hich m anifest them selves as linear or radial
variations in the added birefringence are also present in the apparatus. Shelton15
describes in detail how to m inim ize these higher order terms.
This particular arrangem ent for the dc K err experim ent is particularly sensitive to
the effects o f stray retardation. O ther workers in the field 18’ 19 have different arrangements
incorporating a quarter-wave plate (QW P) which elim inates the sensitivity to stray
retardation. However, using a QW P has the disadvantages o f a lim ited frequency range
for m easurem ents and added sensitivity to m echanical disturbances. W ith proper
procedures to elim inate the sources o f system atic errors, our apparatus is able to obtain
m easurem ents w ith 0.1% uncertainty over a broad range o f frequencies.

iii. Gas Contam ination
Precautions m ust be taken to avoid possible sources o f gas contam ination since
impurities in the gas can have a potentially large effect on the m easured second
hyperpolarizability. Tw o possible sources o f gas contam ination com e from impurities
found in the gas cylinders before the gas is admitted into the cell and im purities from
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outgassing o f the m aterials w hich make up the GKC.
Exam ining equation (3.1), we see that the orientational K err contributions for
anisotropic and polar m olecules can dom inate the term s w hich contribute to y. A
comm on anisotropic m olecule that is found as an im purity in the gas cylinders is C 0 2, ycfT
= 3000 x 10‘63 C4m 4J'3. An extrem e exam ple o f a polar m olecule that m ay be found is
CH3C1, ycfT “ 80,000 x 10'63 C4m 4J'3. If we had 30 ppm o f C 0 2 as an impurity, we would
find an increase in y o f only 0.05% , but 5 ppm o f C H 3C1 w ould increase y by 0.2%. To
m im m ize contam ination due to impurities found in the gas cylinders we use ultra high
purity gases w ith stated m inim um purities o f 99.95% , 99.99% , 99.95% , and 99.97% for
Ar, CH4, CF4, and SF6, respectively.
For this experim ent, stainless-steel, which com prises the m ajority o f surface area
in contact w ith the gas, has excellent outgassing characteristics20. We have found that
baking out the cell approxim ately 16 hours at T ~ 150°C is sufficient to attain an
outgassing rate o f -1 x 10'6 W / m 2 for the entire GKC system (dP / dt » 10'6 Torr / sec
for the sealed system). This is close to the outgassing rate one expects for stainless steel
prepared in a sim ilar m anner, so it appears that this bake-out procedure is also adequate
for the rem oval o f contam inants from the elastom ers and polym ers in the cell, i.e. Viton
O-rings, PEEK spacers, Teflon tape for sealing feed-throughs. At this outgassing rate we
expect about 10 ppm o f contam inants to enter the cell in three hours.
Using the extrem e exam ple stated above, if the only contam inant entering the cell
is CHjCl, we w ould expect to see an increase in y o f 0.4% in three hours. It is however,

very unlikely that CH 3C1 will be the predom inant impurity in the cell. If the only
impurity is C 0 2, then the change in y that we would see in three hours is +0.02% . A
typical m easurem ent can be made in three hours, so the effects o f im purities outgassing
into the GKC are negligible.
It is possible that the O-rings provide a sub surface reservoir for contam inants.
We elim inate this possibility by filling the GKC w ith the gas to be m easured at a pressure
above the highest operating pressure for that day. This should com press the O-rings and
expel any subsurface contam inants not rem oved previously. The gas is then vented, and
the GKC is pum ped down and then refilled. To prevent any large particles that m ay be in
the gas cylinders from entering the GK C, a 2 pm filter is incorporated in the fill line
before the gas enters the m anifold to the GKC. Once proper gas purity is assured, we can
begin with the m easurem ents o f y.

B. M easuring y
A typical dc K err m easurem ent o f the second hyperpolarizability o f a gas begins
w ith a clean sam ple cell. After a bake out and cool down under vacuum we m easure the
outgassing rate and take the precautions against gas contam ination as described above. A
check o f the extinction ratio is then perform ed to verify that the effects o f stray
retardation are m inim ized. This is done by scanning by the photodiode across the path o f
the light beam w hile com paring the intensity observed with the LKC on to that with the
LKC off. If stray retardation is present, it is detected by the presence o f a peak in the
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com pensated for by a rotation o f the compensation plate. H ow ever, there will also be
scattered light reaching the photodetector, which cannot be com pensated for. This puts a
bound on the best extinction ratio that can be obtained.
Once we have found the best possible extinction ratio, a LKC calibration is
performed to determine F LK L at a stable LKC tem perature o f approximately 28 °C. This
calibration is verified by comparing it with the fit to the data in figure (3). The LKC
calibration is performed tw ice during the course o f the day, once before the measurements
have been taken and once afterwards. Provided the LKC tem perature does not drift
significantly and the calibration signal does not change during the course o f the
measurements, we use an average LKC calibration measurement for determining y .
In the GKC, the gas pressure is m easured at the beginning and end o f each run,
with the average used to calculate the density. A properly calibrated capacitance
m anom eter (Baratron 390HA) with a relative uncertainty o f 0.02% is used to measure
pressures up to 104 Torr, while a Paroscientific 1003K pressure transducer is used for
higher pressures. The gas tem perature is m easured with a therm ocouple m ounted inside
the GKC and in direct contact with the gas. Sample densities were com puted from the
m easured pressures and tem peratures using the virial equation o f state21.
W e begin measuring y for the sample gas with the highest gas density to be
measured that day and progressively low er the density in uniform increments. At each
density w e record four coupled quintuplets o f data in the sequence (ABCB ABC.BA . . .)
w here A is the background signal, B is the LKC signal intensity ( I ^ a ) ), and C is the GKC

signal intensity (/q '1’*). W e record the data in this coupled fashion in order to cancel any
drifts which may occur. A, B, and C are each measured for 68 seconds in each quintuplet,
and the data is recorded by the multichannel scaler set to a dwell time o f 2 seconds. To
com plete one run (four quintuplets) at a single gas density takes approximately 15
minutes. The averaged results o f a run correspond to a single data point in figures (4)-(7)
found in the next chapter with the experimental results.

C. Local Fields
The Lorentz local field correction factor is also taken into account. This
distinguishes between the m acroscopic electric field applied to the bulk material E and the
actual electric field that is seen by the atom or molecule itself, E loc. These tw o fields are
different in that the M axwell or m acroscopic field is a spatial average o f the m icroscopic
field over a region o f space larger than a few atomic diameters. In the vicinity o f the atom
o r molecule, the local field seen is influenced by the presence o f the surrounding
uniformly polarized environment, so there is an added term to the field and consequently
to the polarization. The nonlinear optical local field correction for the dc Kerr effect is
represented by9
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where «... and n,„ are the refractive indices (obtained from standard tables) o f the gas
extrapolated to X = °° and X = 632.8 nm respectively. The local field factor is calculated
for each m easured density separately and then used as a m ultiplicative factor when
accurately determ ining the second hyperpolarizability.

CHAPTER 4

EX PERIM EN TA L RESULTS

Data Analysis
Figures (4)-(7) show the density dependence o f the effective second
hyperpolarizability, yefr, for Ar, CH 4, C F4, and SF6 at X = 632.8 nm. The
hyperpolarizability y for an isolated m olecule is the zero density lim it o f ydT. For each
gas there is a m inim um density below w hich the signal becomes too small for accurate
m easurem ents. The zero density lim it o f yefr must be obtained by extrapolating a function
fit to ycff at gas densities greater than this m inim um density. The range o f densities for
which m easurem ents o f yefr were m ade was typically betw een 50 - 300 m ole / m 3, with
the exception o f argon, where the density ranged from 600 - 4600 m ole / m 3. The vapor
pressure o f the gas lim its the density range for SF6, for which the highest density
obtainable before the gas condensed was ~300 m ole / m 3. A density dependent study o f y
allows inform ation to be obtained regarding the depolarization due to interactions within
clusters o f colliding gas molecules. H ow ever, in all cases the sm all density range made it
difficult to determ ine accurately the 3-body interaction term. It was therefore necessary
to use experim ental data from depolarized collision-induced light scattering (CILS)
m easurem ents22-23 to perform an accurate fit to the dc Kerr experim ental data.
A CILS experim ent m easures depolarized light resulting from collisional
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interactions within clusters o f gas m olecules. For a brief period during a collision the
polarizability anisotropy o f a pair o f m olecules is increased. Increasing the num ber of
m olecules present increases the num ber o f interactions and the num ber o f anisotropic
m olecular pairs. The depolarized scattered light intensity due to colliding pairs increases
as

p 2.

The light scattering due to colliding m olecular triplets varies as

p 3.

CILS thereby

m easures the induced anisotropy when pairs and triplets o f m olecules collide.
The density dependence o f yeff in the dc K err effect is also due to the same
collision induced polarizability anisotropy. We represent the density dependence o f the
second hyperpolarizability by the pow er series expansion
Yeff = [yp=o + 6 p + c p 2]

,

(4.1)

where b and c are the two- and three-body collision induced interaction terms,
respectively. The CILS intensity is ju st proportional to {bp2 + c p 3).
The three-body term c used in the fit to yeff (shown by the curvature o f the solid
line in figures (4)-(7)) was taken from CILS m easurem ents ( c = (c / b)ai s (b)Kerr). A
w eighted least squares fit was used to determ ine y p=0 and b with param eter c constrained.
In Table (1) we display the ratio o f param eters b and c w hich had been m easured
in a previous dc Kerr experim ent by D unm ur25 et al. As a check, we see that (c / b)C]LS =
(c / b)Km to within the stated uncertainties. Also in Table (1), b from the present work is
more accurate than, but still consistent with, b from the two previous dc Kerr experiments
o f B uckingham 24 and D unm ur25.
From Table (1) we see that the uncertainty in the three-body contribution to CILS
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is betw een ±5% and ±15% for the gases considered. To allow for possible systematic
differences betw een the dc K err and CILS experim ents, we varied param eter c by ±25%
(a conservative estim ate) and adjusted the error bars for y p=0 and b to account for any
changes due to such large errors in c. Old and new error bars are found in Table (2) with
the param eters o f the fit Yeff = [y p=0 + bp + cp2]. N ote that there was no significant
change in the uncertainties o f yp=0 and b except for argon.

Table 1 Collision induced anisotropy 3:2-body and 2-body term s, b and c represent the
two- and three-body term s, respectively. References 22 and 23 contain the CILS
m easurem ents w hich w e used to constrain the fit param eter c in equation (4.1). The CILS
m easurem ents o f (c / b) are in agreement w ith the dc K err m easurem ents o f reference 25
within the stated uncertainties, (b / a) from the present work (* indicates the present
work) also agrees w ith previous dc K err m easurem ents24,25.

dc Kerr25
(c/b)
(10‘5 m 3 / mole)

dc Kerr*
(b/d)
(10'5 m 3 / mole)

dc Kerr24,25
(b/a)
(10'5 m 3 / mole)

8.9±0.1

7.5±1.2, 6.3±1.2

Gas

CILS22,23
(c/b)
(10'5 m 3 / m ole)

Ar

-6.1±0.3

ch4

-8.2±0.6

-12±9

20±1

24±3

cf4

-12± 1

-5±5

65±5

63±17

sf6

-28±4

-21 ±13

330± 11

273±43, 540± 114

—

The uncertainty in each data point in figures (4)-(7) is ultimately lim ited by the
statistical fluctuations in the num ber o f photons detected by the photodiode. These
fluctuations are called shot noise, and the dc Kerr apparatus used for these m easurem ents
perform s at or near the shot-noise limit. It can be show n16 that the shot-noise lim it for
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retardation m easurem ents em ploying a heterodyne technique is
4>snl = ( ^ 0 A / ) - 1'2

,

(4.2)

where F„ is the photon flux o f the incident laser beam , Q is the quantum efficiency o f the
detector, and At is the tim e interval o f the m easurem ent. Statistically it w ould not make
sense to have uncertainties in the m easured retardation sm aller than the shot-noise limited
uncertainty. How ever for the reported m easurem ents, the scatter o f the experim ental
m easurem ents occasionally fell below the shot-noise limit. In cases w here this occurred,
the reported error bars used for the m easurem ent are those defined by the shot-noise limit
and not the experim ental scatter. M easurem ents m ade at the lowest density point for a
gas have the greatest scatter and hence the sm allest signal-to-noise ratio.

T able 2 Fit param eters o f the weighted least-squares fit to the experim ental data in
figures (4)-(7), w here y versus density is expanded in the pow er series: y = [yp=,0 + bp +
c p 2]. Param eter c given in the last colum n was obtained from depolarized light scattering
results22,23, c was then varied by ±25% to determ ine how a large uncertainty in c would
affect param eters y p=Qand b. The uncertainty in y p=0 and b was thereby adjusted by
adding in quadrature the uncertainty due to the varied c param eter w ith the original yp:()
and b uncertainties. The original error bars are shown in parentheses for y p=0 and b.

Gas

Yp=o (1 O'63 C ’n f'J'3)

b (1 O'63 C4m 4J'3)

c (1 O'63 C4m 4J°)

Argon

77.95±0.59(±0.31)

6.91±0.57(±0.06)

-0.42±0.02

ch4

191.24±0.98(±0.96)

36.9±1.6(±1.4)

-3.08±0.22

cf4

95.92±1.06(±1.06)

62.4±5.0(±5.0)

-7.49±0.75

sf6

142.63±2.39(±2.27)

461.9±17.2(±13.9)

-130±20
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Figure 4 D en sity d ep en den ce o f the seco n d hyperpolarizability o f argon. Error bars for
m ost o f the data are sm aller than the p lotted sym bols. The different sym bols correspond
to independent m easurem ents perform ed on separate days.
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The difficulty in m aking an accurate dc Kerr m easurem ent is responsible for the
small num ber o f published dc K err results. One m otivation for this research was to
address the discrepancy betw een these published results so that we m ay com pare accurate
dc Kerr data w ith ESHG m easurem ents in an effort to determ ine the vibrational
contributions to y. Figures (8)-(l 1) show the dispersion curves o f the second
hyperpolarizabilities for argon, CH 4, CF4, and SF6. The solid circle in each graph is a
m easurem ent from the present work at X = 632.8 nm (for dc K err at 632.8nm, vL2 =
4.9915 x 108 cm '2). Other workers' dc K err m easurem ents24 25-26 27 are presented as
unfilled sym bols on the dispersion curves and are tabulated in Table (3). The solid line in
each figure is from ESFIG m easurem ents by Shelton (1990) with an uncertainty o f about
0.2% over the fitted range.
For argon, our m easurem ent at 632.8 nm lies between two infrared ESHG
m easurem ents (X = 1064, 1319 nm) with uncertainties o f 0.3% and 0.6% , so one would
expect the uncertainty o f the fitted line to be near 0.5% at the dc Kerr m easurem ent
frequency. U sing 0.5% as the uncertainty in the ESHG fit, we find that the dc Kerr
m easurem ent falls ju st within the error bars for the ESHG fit, as we expect for an atomic
system (y is independent o f the process). This agrees with the dispersion relation in
equation (2.11) with deviations from K leinm an symmetry considered. From the
dispersion curves one can see the discrepancies between older, gas phase dc Kerr
m easurem ents o f argon, CH 4, CF4, and SF6. A reduction in the uncertainty o f the results
will help in a com parison with theoretical calculations.
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Table 3 Gas phase dc Kerr m easurem ents o f Ar, CH4, CF4, and SF6 from various
w orkers24,25-26,27.

Gas

1 (nm)

<y)(10'63C4m4J'3)

Ar

632.8

77.95±0.59

ch4

cf4

sf6

Reference
present work

72.9±5.3

Buckingham and D unm ur24

514.5

75.5±2.2

Carusotto et a /27

632.8

191.24±0.98

present work

180.0±8.7

Buckingham and Orr26

457.9

192.0±10.0

D unm ur et al25

632.8

95.92±1.06

present work

632.8

93.0±5.0

Buckingham and O rr26

77.4±4.8

D unm ur et aP5

142.63±2.39

present work

145.8=tl 3.3

B uckingham and D unm ur24

119.0±8.3

D unm ur et aPs

Subtracting the ESH G curve value o f ycV from our dc K err results gives the
difference betw een (y )eV for the tw o experiments. W e expect y c to be the same for dc Kerr
and ESHG at low frequencies, so a m easurem ent o f ( y KcV - y EeV) gives the difference
between the vibrational contributions to y for the two processes. If y v were zero for
ESHG, this difference w ould be a direct m easure o f yv for the dc Kerr experiment. In
Table (4 ) we present the difference between (y )cV for the dc K err and ESHG experim ents
adjusted for deviations from K leinm an symmetry, i.e. use equation (2.16) to estim ate (3 /
2)

(Yi

- YJ for ESHG. A lthough the adjustm ents due to K leinm an sym m etry were small

45

(0.01% , 0.3% , 0.05% , and -0.1% for Ar, CH 4, CF4, and SF6 respectively), they should be
considered if a critical com parison between experim ent and theory is to be made.

Table 4 D ifference between (y)eV contributions from the present dc K err m easurem ents
and the ESH G curve at vL2 = 4.9915 x 108 cm '2 w ith K leinm an sym m etry deviations
considered.

Gas

dc Kerr
<Y>eV(10-63C4m 4J-3)

ESH G8
(y)cV(10'63C 4m4J'3)

dc Kerr - ESHG
<y)eV( 10'63C4m4J'3)

Ar1

77.95±0.59

77.00±0.39

0.95±0.71

ch4

191.24±0.98

176.04±0.88

15.20±1.31

cf4

95.92±1.06

65.05±0.32

30.87± 1.11

sf6

142.63±2.39

91.69±0.46

50.94±2.43

a Recall that for an atom ic system there will only be a contribution to (y)e, so we expect
the difference betw een the dc Kerr and ESHG m easurem ents to be zero.
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CHAPTER 5

CO M PARISON OF EX PERIM EN T AND TH EO RY

The m ost accurate quantum chemical calculations o f ycVR for atom s and small
m olecules have been achieved through ab initio m ethods7, typically in the static limit.
Various calculational m ethods are reviewed in the paper by Rice and Shelton (1994). For
the gas system s m easured here, only argon has a calculated dispersion curve28. It is
shown as the dashed curve in figure (8) and is a good example o f how well ab initio
calculations predict yc for relatively simple system s.
Bishop has recently done system atic calculations29 to determ ine the vibrational
second hyperpolarizability for both the dc Kerr effect and ESHG in m ethane. W e can
com pare our dc K err m easurem ent o f yKcV with Bishop's calculations using the ESH G
results o f Shelton. If we add the difference betw een Bishop's calculated vibrational
contributions to y for dc Kerr and ESH G (yKv - yEv) to Shelton's ESH G m easurem ent o f
yEcV, we get an estim ate for yKeV that can be com pared to our measurem ent.
Alternatively, one m ay compare the calculated (yKv - yEv) with the m easured (yKeV - yEcV).
These results are presented in Table (5) and show very good agreem ent between Bishop's
calculation and our experiment.
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Table 5 Com parison o f yv estim ated from our dc K err m easurem ents and Bishop's ab
initio calculation for m ethane at v ,2 = 4.9915 x 10s cm '2, y is in units o f (10'63 C4m ‘,J'3).
The uncertainty in Bishop's calculation is unknown.

y j_°V(expt)
176.04±0.88

cv (cxpt)
191.24±0.98

( yk6V - YecV) (expl)

( ykv - YeV) <C!1|c)

Expt. - Calc.

15.20±1.31

15.71

0 .5 1±1.31

Figure (12) shows the m ethane y dispersion curve, including calculations at other
frequencies by Bishop (show n by diam onds). At low frequencies w e approach
vibrational resonances for which we expect to see a departure from sim ple parallel
dispersion curves. W ith additional experimental dc Kerr data we will be able to test
Bishop's calculations over a wide range o f frequencies.
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CHAPTER 6

CO NCLUSIO NS

In this thesis we present gas phase dc K err m easurem ents o f the second
hyperpolarizability for argon, m ethane, carbon tetrafluoride, and sulfur hexafluoride with
an uncertainty o f 0.8% , 0.5%, 1.1%, and 1.7%, respectively. A density dependent study
provides us with the orientationally averaged m olecular hyperpolarizability at the
experim ental w avelength X = 632.8 nm. Com parison with other gas phase dc Kerr
m easurem ents show s these results to be the m ost accurate to date and thereby provide a
good standard for com parison with quantum chem istry calculations o f y .
From our dc K err results and the ESH G m easurem ents by Shelton we have
determ ined the difference in ycV betw een the two nonlinear optical processes in an effort
to determ ine the vibrational hyperpolarizability for each process for the gases CH4, CF4
and SF6. W e have tested the difference in ycV for the dc Kerr effect and ESHG in methane
and have found (yKeV -

Y e cV )

= 15.20±1.31 (10'63 C 4m 4J '3), which is in good agreem ent

with recent system atic calculations by Bishop. W hile yv is small com pared to yc for CH 4,
yv is found to be h a lf as large as yefor CF4 and SF6. This is consistent with the ex
pectation7 that y v will be small for m olecules like CPI4 with high vibrational frequencies
and larger for m olecules like CF4 and SF6 with low er vibrational frequencies. Flowever,
the m agnitude o f yv for CF4 and SF6 was found to be larger than expected and warrants
further experim ental and theoretical investigation over a wide range o f frequencies.
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